Abstract-This article proposes a beam focusing compact wideband microstrip antenna loaded with mu-negative (MNG) metamaterials. The antenna is designed to operate in the frequency spectra of IEEE 802.11a wireless LAN 5.15-5.85 GHz. The controlling of the beam direction has been investigated using eight different switching combinations of 12 PIN diodes which are integrated in the metamaterial unit cells. The main beam is found to be focused in −ve y, +ve y and omnidirectional in yz plane in agreement with switching condition of the metamaterial unit cell. The maximum gain enhancement of 7 dB is obtained at 4.9 GHz in the negative y direction. The basic antenna with patch dimension (0.14λ×0.14λ) provides wide fractional bandwidth of about 40%. Two prototypes of basic and proposed antennas have been developed using a low profile FR-4 substrate. The simulation results are found in good agreement with the measurement ones.
INTRODUCTION
Beam tilting technique has been effectively introduced to reduce the co-channel interference of antennas. It enhances transmission quality and increases the channel capacity of a communication system. In some previous related works, beam switching has been achieved either electronically or mechanically. Electronic beam switching is achieved by using RF Micro-Electro-Mechanical Systems (MEMS) switches or PIN diodes [1] [2] [3] . However, the antenna gain is found decreased due to scan loss. On the other hand, in mechanical controlling, gain performance of the antenna is not affected, but it increases the design cost, complexity and installation difficulty of the design.
Metamaterial is an artificial structure that exhibits unusual electromagnetic properties. It is widely used in different applications areas, such as sensors [4, 5] , energy harvesting [6] , wave polarization [7, 8] , and controllable absorber [9] . It is also used for antennas performance enhancement, such as radiation enhancement [10] , multi-directional beam generation [11] , beam tilting [12] [13] [14] , gain enhancement [15, 17] , bandwidth enhancement [15] , directivity [16] , and multiband operation [18] . In [4] , a circular split ring resonator based on metamaterial, used for fluid, strain and rotation sensing applications. In that resonator, a small variation of dielectric permittivity and loss tangent of the material and gap location results in variations of the resonance frequency. Metamaterial can prevents transmission or reflection of electromagnetic waves. The capability of absorption facilitates metamaterial used for energy harvesting [6] and controllable absorber [9] applications. The artificial structure element also plays a key factor to manipulate the orientation of the wave polarization. In [7] , a meta-surface structure that is used as left-or right-hand circular wave polarizer designed simply by changing the orientation of the diagonal transmission line, and a novel EBG structure is designed for surface wave minimization which enhances radiation pattern of the low profile antenna presented in [10] . In [11] , a metamaterial-based E-plane horn antenna is presented which radiates four directional beam patterns due to the extraordinary wave propagating phenomena of the metamaterial. A pattern controlled frequency tunable microstrip antenna loaded with multiple split ring resonators using RF MEMS switches is presented to control the direction of the major lobe of the radiation pattern [12] . In [13] , it is investigated that the integrated metamaterial loaded in a planar antenna can deflect the beam of an end-fire antenna by 17 • with respect to the end-fire direction in the frequency range of 7.3-7.5 GHz. An electronic bandgap structure integrated with the orthogonal plane of a dipole antenna [14] is presented for tilting the beam about 28 • at 3.5 GHz. The structure of the antenna is simple; however, the design complexity has increased the cost of the antenna.
In this paper, a compact wideband antenna is designed to operate in WLAN band. Split Ring Resonator (SRR) unit cells with PIN diode switching combinations are integrated into the patch and ground surface of the antenna substrate to investigate the radiation pattern characteristics. Due to the unique metamaterial properties, antenna beam is found to be tilted or focused in the −y direction, +y direction and omnidirectional in yz plane respectively for the particular switching combination which also influence the variation of the antenna gain in a particular direction. A prototype integrated with metamaterials has been designed, fabricated and measured, and found to be operated in the frequency spectra from 4.3 to 5.9 GHz.
BASIC ANTENNA DESIGN
A compact wideband antenna is designed on a commercially available low-cost FR-4 substrate with a dielectric constant of 4.4, thickness of 1.6 mm and loss tangent of 0.02. The overall dimension of the compact antenna (Antenna 1) is 19.6 × 17 mm 2 . A modified split ring resonator is used as the radiating patch. The maximum dimension of radiator is 7.5 × 7.5 mm 2 . The top view, side view and modified ground plane of the antenna with different parameters are shown in Fig. 1 . The values of the different antenna parameters are mentioned in Table 1 . 
BASIC ANTENNA RESULTS
The simulated and measured S 11 (dB) plot of Antenna 1 and its fabricated prototype are shown in Fig It is found that the frequency spectrum depends on the antenna ground width (W 4 ) and substrate materials. The variation of S 11 (dB) for different values of W 4 and substrate is shown in Figs. 3(a) and 3(b). Fig. 3(a) illustrates that Antenna 1 provides wide impedance bandwidth for W 4 = 5.2 mm. The lower frequency of Antenna 1 with different substrates is found almost the same; however, the upper frequency and bandwidth gradually increase with higher value of the substrate permittivity. Antenna gain is also found decreased due to higher dielectric loss of the higher permittivity substrates. For better realization, the effects of different substrates are compared and analyzed in Table 2 . The low cost FR-4 substrate is found as a suitable choice for the design of WLAN antenna with the compact Antenna 1 configuration. 
METAMATERIAL UNIT CELL
The SRR structure based on MNG metamaterial is shown in Fig. 4(a) . The effective inductance and capacitance of the SRR structure, shown in Fig. 4(b) , generate the resonance of the metamaterial structure. The gap between two rings creates capacitive effect, and the length of resonator creates inductive effect. The approximated self-inductance per unit length of the two rings is given in Eq. (1) [15] .
The mutual inductance is very low between the two rings of the resonator. The resonant frequency is a function of the capacitor and inductor values. The series capacitance C S between the two rings is given in Eq. (2) [15] .
The value of C s is equivalent to C/4. μ is the permeability of the free space, "a" the ring width, "g" the split gap, "b" the ring length, "ε" the permittivity, "t" the thickness of the material, and "l 1 " the outer length of the SRR. The dimensions of the MNG unit cell are: a = 0.4 mm, b = 2.4 mm, g = 0.4 mm, l 1 = 4 mm and t = 1.6 mm. The resonance frequency of the two-ring SRR is given in Eq. (3).
The realization of the metamaterial requires an infinite repetition of the unit element in the direction of lattice vectors. Realization requirements are fulfilled by imposing boundary conditions applied on the unit element of the metamaterial to extract the S parameter [19] . To achieve the periodicity, the structure is simulated using Ansys HFSS (A finite element method based electromagnetic solver) under PE (perfect electric) and PM (perfect magnetic) boundary conditions applied to the y-z and x-z directions when the ports are located in the y direction. The simulated S parameters of the design structure are shown in Figs. 5(a) and 5(b). Material parameters are calculated using the extracted S parameter of the SRR. The following formulas (Eqs. (4) and (5)) are used to calculate the permittivity (ε r ) and permeability (μ r ) of the material [20] .
where l 1 is the maximum length of the unit cell, and k 0 is the wave number.
(a) (b) (c) The extracted material parameter graph, i.e., Fig. 5(c) , shows that the SRR based on MNG material in the frequency range of 5 to 6 GHz. 
ANTENNA WITH METAMATERIAL LOADING

RESULT AND DISCUSSION
The gain and bandwidth also vary with different sets of the switching states. These different combinations of switching (switching stage) and corresponding simulated results in terms of bandwidth and gain are given in Table 3 . The comparison of simulated S 11 (dB) for different switching combinations stages are shown in Figs. 7(a)-7(d). In stages (1, 2, 4, 5, 6, 8) , the antenna provides wide −10 dB bandwidths from 3.8 to 6 GHz. However in stages 3 and 7, the antenna provides dual-band properties in the frequency region 3 to 8 GHz.
The SRR unit cells are placed close enough to the compact antenna radiator to modify the effective permeability of the material. The current density pattern of a diode in ON and OFF in ideal condition is shown in Figs. 8(a) and (b) . It is observed that the SRR manipulates the behavior of the fringing electric fields which is caused at the end of the surface wave propagating through the patch.
The antenna radiation performance due to different switching stages and corresponding fringing field is modified. For analysing the electric field behaviour due to SRR switching, 4 different combinations of the switching stages are considered at 5.2 GHz operating frequency. The electric filed patterns of the switching stages 1, 4, 6, 8 of Antenna 2 are shown in Figs. 9(a)-9(d) . The electric filed pattern of stage 1, when all diodes are in off condition, is found focused in the negative y direction as mentioned in Fig. 9(a) The gain vs. frequency plot of Antenna 2 in different switching combinations is shown in Fig. 11 . Among all the stages, the maximum gain of 8.1 dB is achieved at 4.9 GHz in stage 8. However, the Figs. 12(a) and (b). The comparison graphs of simulated and measured S 11 (dB) are shown in the Fig. 13(a) , and it is found that the simulated S 11 (dB) almost satisfies with the measurement results. The gain vs. frequency plot of the fabricated antenna is shown in Fig. 13(b) , and 4 dB maximum measured gain at 5.2 GHz is found. The simulated and measured radiation patterns of Antenna 2 are shown in Fig. 14 , and the measured radiation pattern shows good agreement with the simulated one.
CONCLUSION
Beam focusing and gain enhancement of a compact wideband microstrip antenna with Mu negative metamaterial loaded is presented in this communication. The basic and proposed antenna fulfils the bandwidth requirement of WLAN 5.2 and 5.8 GHz band and also has beam switching capability. The investigation of SRR switching results in the beam focusing and gain enhancement of the proposed antenna in different stages. The antenna radiator is compact in size by 73%. The measured −10 dB bandwidth is obtained about 31.37% (4.3 to 5.9 GHz) whereas the measured peak gain of around 4 dB is found at 5.2 GHz.
